Abstract: A compact thermo-optic switch based on the cutoff effect of slow-light mode of a tapered W1 photonic crystal waveguide (PCW) is demonstrated with an integrated microheater. Due to the low-group-index taper, the coupling loss of the slow-light PCW is reduced, and a high switching extinction ratio (ER) is attained. Moreover, three types of microheaters are evaluated for the power consumptions, heating transfer efficiency, and temperature uniformities, and an optimized slab microheater is utilized. As a result, low switching power of 8.9 mW and high ER of 23.5 dB are achieved experimentally, while the length of W1 PCW is only 16.8 m.
Introduction
Aiming at on/off-chip communications for future multiprocessors, network-on-chip (NoC) is expected to be the dominant interconnection architecture [1] . For such applications, compact, low power consumption, and complementary metal-oxide-semiconductor (CMOS) compatible optical switches are essential elements [2] . Among the traditional on-chip optical switches, high Q microring resonator switches can match the requirements in energy consumption and footprint but suffer from both narrow bandwidth and small thermal tolerance [3] , [4] . Mach-Zehnder interferometer (MZI)-based switches provide a wide operating wavelength range; however, decreasing their footprints are restricted by the phase shifter. The device length of MZI-based switch or modulator is still greater than 50 m even exploiting the slow-light effect [5] . Apart from the MZI structure, the tunable PCWG directional coupler can also be used to achieve the switch function [6] , [7] . However, a complex structure design is needed for this type of PCWG directional coupler. Another promising way to realize compact optical switches is directly based on the cutoff effect of photonic crystal waveguide (PCW) [8] - [10] . The reported simulation result shows that, by using the cutoff effect of slow light, the W1 PCW can realize optical switches with high extinction ratio (ER) and compact size [8] . However, the main problem for such kind of switches is the inefficient coupling between the slow-light waveguide and the joint waveguide due to the mismatch of group velocity [11] . The low coupling efficiency not only causes a large insertion loss but also degrades the transmission ER; thus, the experimentally reported ER for the W1 PCW switch is just about $0.42 ($3.8 dB), while the applied current is 70 mA [9] .
In this letter, we experimentally demonstrate a compact thermo-optic switch based on a tapered W1 PCW with an integrated microheater. Due to the introduction of the low-group-index (LGI) taper [12] , the coupling loss of slow light in the W1 PCW is reduced, and a high switching ER is attained. Moreover, we investigate the thermal performance of PCW-based devices by numerically simulating three types of microheaters, including double-strip microheater located on both sides of the PCW, strip and slab microheater on the top of the PCW [13] , [14] . We find that the slab microheater on the top of the W1 PCW provides a good compromise between the power consumption and heating transfer efficiency, and offers the best temperature uniformities. In experiment, low switching power of 8.9 mW and high ER of 23.5 dB are achieved, while the length of W1 PCW is only 16.8 m.
Principle of the PCW Switch
In order to reduce the coupling loss of slow light in the W1 PCW-based optical switches, we introduce a LGI taper between the strip waveguide and the W1 PCW, as presented in Fig. 1(a) . The LGI taper is a 5-period-long PCW with a 1.2-times-broadened line-defect width compared with that of the W1 PCW, while the lattice period a and radius r are consistent with the W1 PCW, as demonstrated in [12] . The schematic of our proposed device is shown in Fig. 1(b) . There are a PCW on a silicon-on-insulator (SOI) substrate and an integrated titanium (Ti) microheater on the top. Low contact resistance is achieved by depositing aluminum (Al) contact pads on the Ti layer.
The operating principle of the thermo-optic switch is demonstrated by the band structure and transmission spectra of the W1 PCW, which are calculated by 2-D plane-wave expansion (PWE) method and 3-D finite-difference time domain (FDTD) method, respectively. In our simulation, the lattice period and hole radius of the PCW are set as a=r ¼ 420 nm=148 nm. The band structure for transverse electric (TE) polarization is shown in Fig. 2(a) . It can be seen that the slope of the fundamental mode, which corresponds to the group velocity of the light, decreases when the normalized frequency close to the band gap and indicates a slow light with a cutoff effect accordingly. The cutoff effect will lead to an abrupt drop in the transmission spectra, as shown in Fig. 2(b) . Thus the optical switch function can be realized by shifting the cutoff wavelength, which depends on the refractive index of Si. It can be seen in Fig. 2 (b) that the cutoff wavelength shows a redshift when the refractive index of Si increases, which corresponds to a temperature coefficient of Á=ÁT ¼ 0:07 nm/K with a thermo-optic coefficient 1:86 Â 10 À4 K À1 [15] . The amount of the redshift can be further enlarged to more than 19 nm when Án 9 0:05 ð3:8 nm=0:01Þ, which leads to broadband switch characteristics. In addition, the coupling enhancement by the LGI tapers is also presented in Fig. 2(b) . Compared to the original W1 PCW (no taper), the insertion loss reduced more than 10 dB in cutoff wavelength after the LGI tapered structure is introduced, which will benefit attaining a low insertion loss and a high switching ER. The slight fluctuations exhibited in the transmission curves of W1 PCW with LGI taper is mainly attributed to the LGI taper. The LGI taper become inefficient in coupling out of the slow-light region and acts as a Fabry-Pé rot (FP) cavity, but will not affect the switch function.
Design of the Microheater
Taking detailed PCW structure into account, we build a 3-D finite element model and study the figures of merit including power consumption, heating transfer efficiency [13] , and transverse temperature uniformity. Here, three types of microheater structures are compared, including doublestrip microheater located on both sides of the PCW [9] and strip and slab microheaters located on the top [14] . The schematic of the three types of microheaters is shown in Fig. 3(a) . In simulation, the thickness of the Ti/Al layer is set as 100 nm/300 nm. The size of the strip and slab microheaters are 15 m Â 3 m and 15 m Â 14 m, respectively. The double-strip microheater is directly contacted to the Si layer, while the strip and slab microheaters located on top are insulated by a 600-nm-thick SiO 2 layer. For our model, a 50 m Â 50 m Â 15 m simulation region is set to ensure room temperature valid at the bottom boundary. Fig. 3 (b) presents the required heating power versus the temperature increase ðÁT Þ of the PCW. To obtain a temperature shift of ÁT ¼ 53:8 K ðÁn ¼ 0:01Þ on the PCW, the consumed heating power is 22.8 mW, 11.6 mW, and 16.9 mW for double-strip, strip, and slab microheaters, respectively. The temperature increases transferred from the microheater to the PCW are shown in Fig. 3(c) . As noted, the heating transfer efficiency values, which are defined as ¼ ÁT PCW =ÁT Microheater , are 76.7%, 72.1%, and 44% for double-strip, strip, and slab microheaters, respectively. Obviously, the high heating transfer efficiency will benefit the lifetime of the microheater, especially for high-power devices [14] . Based on the simulated results shown in Fig. 3(b) and (c), it can be concluded that the double-strip microheater provides the best performance in heating transfer efficiency due to the direct contact to the PCW layer, but it consumes the largest heating power. Strip microheater requires the lowest heating power but performs the worst in heating transfer efficiency. In contrast, a good compromise between the power consumption and heating transfer efficiency is obtained with the slab microheater. According to Fig. 3(b) , the simulated relation of refractive index changes corresponding switch powers is 0.01/16.9 mW ð5:92 Â 10 À4 =mWÞ, and it consumes 8.45 mW to redshift the transmission curve for 1.9 nm.
In addition, the thermal uniformity induced by the PCW is taken into account in our simulation and provided in Fig. 3(d) . It should be mentioned that small ripples are observed in the simulated curves, which refer to the corresponding small SiO 2 holes embedded in the Si layer in the inset. This ripple phenomenon is observed for the first time in the simulation of the PCW-based thermo-optic devices and well reflects the thermal inhomogeneity naturally induced by PCWs. In Fig. 3(d) , the temperature increase in the center of PCW is fixed at 53.8 K ðÁn ¼ 0:01Þ. The total temperature deviations ðÁT Deviation Þ of the PCW from center to the boundary are 8.4 K, 14.2 K, and 26.0 K for the slab, double-strip, and strip microheaters, respectively. Therefore, considering the three figures of merits given in Fig. 3 , the slab microheater on the top of the PCW provides not only a good compromise between the power consumption and heating transfer efficiency but also the best temperature uniformities. Thus, the slab microheater located on top of the PCW is utilized for the fabricated device.
Experiments
The optical microscope picture of the fabricated device is provided in Fig. 4(a) . The overall footprint of the tapered PCW is 16:8 m Â 8 m. Then, a 600-nm-thick SiO 2 layer is deposited on the PCW to insulate the Ti/Al microheater, which is located right above the PCW as noted in Fig. 4(a) . The SiO 2 insulator can provide symmetrical refractive index distribution in the vertical direction and prevent the additional optical loss caused by the Ti film [13] , [14] . Here, the tapered PCW with a 30-period W1 PCW and two 5-period LGI tapers is fabricated on a SOI wafer with a 220-nm Si layer, as shown in the scanning electron microscope (SEM) image of Fig. 4(b) . The structure parameters are consisting with those in the simulation.
The switch performance is measured by an auto alignment system. The input light is coupled from a tunable laser with a TE polarization. The measured transmission spectra and ER of the switch under different switching power are shown in Fig. 5 . The red curve refers to a switching power of 8.9 mW, under which the ER achieves as high as 23.5 dB. Notice that the applied current is just 9.87 mA, which is one order of magnitude smaller than the reported experimental result [8] . Among the reported PCW-type thermo-optic switches, the power consumption is the lowest and the ER is the highest in experiment to our knowledge.
Increasing the heating power, the switching bandwidth can be broadened. Broadened bandwidth of 1 nm can be realized by increasing the heating power to 15.6 mW while the ER remains above 15 dB. The broadened bandwidth can help in improving the robustness from on-chip temperature changes and lowering the distortion of the high bandwidth signals [16] . While, the microheater can support more than 150-mW heating power in experiment [14] , which indicates the potential bandwidth can be broaden to tens of nanometers for such kind of switches. But we only focus on low-power-consumption optical switch in this letter. The thermal tuning efficiency [4] is 1.9 nm/ 15.6 mW (122 pm/mW), which is larger than that of the reported microring resonator based device (90 pm/mW) [4] . The calculated thermal tuning efficiency in experiment is smaller than that in simulation (1.9 nm/8.45 mW), which is mainly caused by the power dissipating of the practical device due to the surface-to-ambient heat radiation and convective cooling process [14] . The switching speed is about 15 KHz according to our previous work in [14] , which utilizes the consistent thermoheating structure.
Conclusion
In conclusion, we have demonstrate a compact silicon optical switch based on a LGI tapered W1 PCW with thermo-optic effect. A simple LGI taper structure has been introduced to reduce the coupling loss of the W1 PCW in the slow-light region and attain a high switching ER. Three types of microheaters are evaluated for the power consumptions, heating transfer efficiency, and temperature uniformities. Based on our simulation, the slab microheater is a good tradeoff between the power consumption and heating transfer efficiency and provides the best temperature uniformities. In our experiment, the ER up to 23.5 dB at 1536.8 nm with the power as small as 8.9 mW has been achieved, while the footprint of the PCW is 16:8 m Â 8 m. Among the reported PCW-type thermo-optic switches, the power consumption is the lowest and the ER is the highest in experiment to our knowledge. Broadened bandwidth of 1nm can be realized when increase the heating power to 15.6 mW while the ER remains above 15 dB. 
